We report observations of coherent phonon oscillations in solution-processed polycrystalline stibnite (Sb 2 S 3 ) photovoltaic thin films using transient absorption spectroscopy. Detailed optical spectroscopy correlated by extensive first-principles lattice dynamics calculations indicates that the coherent B 3g longitudinal optical phonon mode with a frequency of 63.74 ± 0.05 cm −1 (or 1.911 ± 0.002 THz) at room temperature is generated via the impulsive stimulated-Raman-scattering mechanism. These strong electron-phonon interactions indicate a dominant energy-loss channel in these materials that could impose a fundamental limit on their solar energy conversion efficiency. Stibnite or antimony sulfide (Sb 2 S 3 ), which belongs to the metal chalcogenide family, is a technologically important compound semiconductor due to its excellent optical and thermoelectric properties [1, 2] . Given its small direct band gap, large absorption coefficient (α > 5 × 10 4 cm −1 ) in the visible region, low toxicity, and earth-abundant elemental composition [3] , there has been a recent surge of interest into utilizing it as a low-cost solution-processable light absorber layer for solid-state semiconductor-sensitized solar cells [4] [5] [6] [7] ; power conversion efficiencies as high as 6 .3% have been reported [4] . Despite these promising traits, detractors have been skeptical of whether this semiconductor system could be further improved [8] . Although device engineering and materials optimization are important routes to realizing highly efficient photovoltaic devices, it is also essential to examine the intrinsic properties, which cannot be truly controlled via improved fabrication. Unfortunately, basic studies into its fundamental properties such as dynamical electron-phonon interactions are few and far between. Such intrinsic properties arising from the motion of the valence electrons in the crystal and their coupling with the lattice have a profound influence on the electronic and thermoelectric properties, which in turn have considerable impact on device operations. The insights gained from a clear understanding of these lattice dynamics would shed light on the suitability of Sb 2 S 3 as an absorber layer for solar energy conversion.
Herein, we examine the coherent phonon dynamics in solution-processed Sb 2 S 3 photovoltaic thin films using transient absorption spectroscopy and correlate the findings with Raman spectroscopy and first-principles lattice dynamics * These authors contributed equally to this work. † Corresponding author: ganck@ihpc.a-star.edu.sg ‡ Corresponding author: tzechien@ntu.edu.sg calculations. Femtosecond laser pulses with duration shorter than the phonon period are ideal probes for investigating oscillatory phenomena in single-crystalline thin films and superlattices [9] [10] [11] [12] . Our findings reveal the generation of a coherent B 3g longitudinal optical phonon mode with a frequency of 63.74 ± 0.05 cm −1 (or 1.911 ± 0.002 THz) at room temperature by ultrafast pulses through the impulsive stimulated-Raman-scattering (ISRS) mechanism. These coherent phonon oscillations at room temperatures are observed in solution-processed polycrystalline Sb 2 S 3 thin films [3] . Typically, such phonon oscillations have only been observed in single crystals or single-crystalline thin films or superlattices, with the A 1g mode, exhibiting displacive behavior [9] [10] [11] [12] .
Our samples comprise chemical-bath-deposited Sb 2 S 3 films of ß100 nm grown directly on FTO substrate (control) and four different multilayered thin-film samples with a configuration FTO/TiO 2 Room-temperature femtosecond transient absorption spectroscopy (TAS) was performed using a standard two-color pump-probe setup. The laser pulses (150 fs, 800 nm) were generated from a 1 kHz Coherent Legend regenerative amplifier that was seeded by a 80 MHz Coherent Vitesse Ti:sapphire oscillator. The 400-nm (3.1-eV) pump beam was generated by frequency doubling the 800-nm output from the regenerative amplifier using a beta-barium borate (BBO) crystal, while the white light continuum probe (450-800 nm) was generated by focusing a small portion (ß5 μJ) of the fundamental 800-nm laser pulses into a 2-mm-thick sapphire plate. The 400-nm pump excitation is resonant with one of the absorption peaks of the Sb 2 S 3 samples-see Fig. 1 for the linear absorption spectrum where Sb 2 S 3 has a direct band gap of 1.62 eV. The desired probe wavelength is then selected using a spectrometer. The pump and probe pulses were cross polarized to eliminate any contribution from coherent artifacts at early times. Pump-induced changes in transmission ( T ) of the probe beam were monitored using a standard monochromator-photomultiplier tube configuration with lock-in detection. T can be expressed using the 
where T e represents the electronic contributions, and the second term with the Raman tensor ∂χ ∂Q represents the oscillatory contribution. The second term approximates the phonon dynamics using first-order Taylor expansion of T in terms of lattice displacement Q. As such, only Raman-active modes with nonzero Raman tensor can be detected by the lock-in amplifier. The pump beam was chopped at 83 Hz and this was used as the reference frequency for the lock-in amplifier.
Raman-scattering spectroscopy was carried out at room temperature to compare the frequencies of the Raman-active modes with the frequency of the oscillations obtained from TAS. The measurement was performed using a micro-Raman spectrometer (Horiba-JY T64000) equipped with a liquid nitrogen cooled charge-coupled device and conducted in a backscattering configuration excited with a solid-state green laser (λ = 532 nm). The backscattered signal was collected through a 100 × objective and dispersed by a 1800 g/mm grating under a triple subtractive mode with a spectra resolution of 1 cm −1 and ß5 cm −1 limit of detection. Figure 1 shows the steady-state absorption spectra of the samples. From the figure, there appears to be no significant absorption change among the samples above 400 nm. This is consistent with the band gap of the materials since only Sb 2 S 3 can be excited above this wavelength. For allowed direct transition, a Tauc plot has shown the band gap of Sb 2 S 3 to be 1.62 ± 0.03 eV [inset of Fig. 1(a) ]. In addition, as shown in Fig. 1(b) , three absorption peaks were observed for Sb 2 S 3 at ß400, 480, and 650 nm. These peak positions are close to the reported values in the literature [13] and they correspond predominantly to the sulfur 3p to antimony 5p transitions [14] . These transitions are possible due to wave-function admixing between the two orbitals [15] .
Figure 2(a) shows the broadband transient absorption (TA) spectra (420-780 nm) for the FTO/TiO 2 /Al 2 O 3 (10 ALD cycles)/Sb 2 S 3 sample at different probe delays following pump excitation at 400 nm (3.1 eV) with a pump fluence of 6.37 μJ/cm 2 . Following photoexcitation, these hot carriers will then redistribute the energy through coherent phonon generation, electron-phonon coupling, carrier diffusion, and electron-hole recombination. The TA kinetics at 570-nm wavelength in Fig. 2(b) shows a damping oscillatory component superimposed on the nonoscillatory photoinduced absorption (PIA) (i.e., negative T /T ) component. As shown in Fig. 2(c) , with increasing Al 2 O 3 layer thickness, the oscillations become more prominent. The presence of the oscillations even in FTO/Sb 2 S 3 clearly shows that the oscillations originate directly from Sb 2 S 3 layer. Figure 3 shows the TA data for the same FTO/TiO 2 /Al 2 O 3 (10 ALD cycles)/Sb 2 S 3 sample at different probe wavelengths. The oscillatory behavior is evident across the entire probe wavelength range. The PIA component originates from the excitation of the hot carriers to even higher energy levels by the probe beam which is described by a multiexponential decaying function. Thermalization of the hot carriers through electron-phonon coupling and carrier diffusion contribute to the decay process. The damping oscillatory component, on the other hand, can be described by the following equation: where A is the oscillatory amplitude, f is the phonon frequency, ϕ is the oscillation phase, and τ is the phonon lifetime. The respective transients were fitted by overlaying the oscillatory component on a multiexponential decaying function. The average deconvolved frequency was found to be 63.74 ± 0.05 cm −1 (or 1.911 ± 0.002 THz) in all cases with a small average cosine phase of 0.0 ± 0.1 rad.
Possible origins of these coherent oscillations include (a) multiple probe reflections off the sample interfaces which would exhibit sample thickness and probe wavelength dependence in the oscillation period; (b) probe beams reflected off acoustic waves in Sb 2 S 3 generated by the pump pulse which would exhibit probe wavelength dependence in the oscillation period; and (c) phonon oscillations generated by the femtosecond laser pulses. For (a), under favorable interference conditions, multiple probe beams reflected off interfaces with different thicknesses could give rise to probe oscillations. As such interference conditions are dependent on the layer thickness, the oscillation period from such interactions should also vary with layer thickness. However, the invariance of the oscillation period with overall sample thickness suggests that multiple probe reflections are unlikely to be the origin of these oscillations [ Fig. 1(c) ]. The invariance of the oscillation period for different probe wavelengths further eliminates the conclusions for case (a) and also similarly discounts case (b) for probe beams reflected off acoustic waves as a possible origin of these oscillations. As such, we attribute these coherent oscillations to originate from phonons [case (c)].
The generation of coherent phonon oscillations in materials could arise from two different mechanisms: (i) impulsive stimulated Raman scattering (ISRS) or (ii) displacive excitation of coherent phonon (DECP). These mechanisms can be described using the classical analogs of how oscillations may be generated in a pendulum system [16] ; in (i) the pendulum 035208-3 is set to oscillate by initially displacing the pendulum while in (ii) the pendulum is set to oscillate by initially displacing the pivot. The oscillations from (i) arise from the excitation of phonons due to the energy difference between two components in a broad energy spectral pulse; while those from (ii) arise from the shifting of potential energy surfaces of the system from its equilibrium as a result of carrier excitation into the conduction band. Resonant energy excitation conditions would excite cosine-type oscillations while nonresonant excitation would lead to sine-type oscillations. Unlike ISRS where both oscillation types are possible, only symmetrical modes (i.e., A 1 /A g /A 1g ) with cosine oscillations are expected from excitations arising from the DECP mechanism [12] . Although the DECP mechanism was originally believed to be distinct, it was later found by Merlin et al. that it is in fact a special case of resonant ISRS for optically absorbing (opaque) materials [17, 18] . To establish the excitation mechanism responsible for these coherent phonon oscillations in our Sb 2 S 3 thin films, steady-state Raman spectroscopy was also performed to determine the frequencies of the Raman-active modes (Fig. 4) . Out of 60 phonon modes from Sb 2 S 3 with D 2h symmetry at , only 30 optical phonon modes are Raman active (under the Pnma convention: 10A g +5B 1g +10B 2g +5B 3g ). Figure 4 shows the Raman spectrum for the Sb 2 S 3 /quartz sample fitted with multiple Lorentzian peaks. Out of 60 phonon modes from Sb 2 S 3 with D 2h symmetry (30 are Raman active under the Pnma convention: 10A g +5B 1g +10B 2g +5B 3g ), as many as 11 Raman modes are found from the fit of the Raman spectrum (Fig. 4) and tabulated in Table I .
Density functional theory calculations as implemented in the QUANTUM ESPRESSO suite [19] using the Perdew-BurkeErnzerhof-type (PBE) exchange correlation functional were performed to gain a deeper insight into the physical origins of the Raman modes. Sb 2 S 3 has an orthorhombic crystal structure consisting of parallel one-dimensional (Sb 4 S 6 ) ribbons (Fig. 5) . To account for the inter-ribbon dispersive forces, we employed the semiempirical dispersion corrections (Dispersion-corrected Density Functional Theory version 2 (DFTD2)) proposed by Grimme [20] . The phonon frequencies were calculated using density functional perturbation theory [21, 22] . Norm-conserving pseudopotentials were generated using the QUANTUM ESPRESSO "atomic" code under the scheme of Rappe-Rabe-Kaxiras-Joannopoulos [23] . Electronic wave functions were expanded in plane-wave basis sets with energy cutoff of 60 Ry. The unit cell structure is optimized with residual forces of less than 10 −3 eV/Å and stresses of less than 10 −4 eV/Å 3 . A 3 × 9 × 3 Monkhorst-Pack k-point grid is used for the Brillouin zone integration. These experimental values correlate well with our calculated frequencies and literature values [24] as summarized in Table I Raman coefficients calculations have been implemented in QUANTUM ESPRESSO for the local density approximation (LDA) functional but not the PBE functional we relied on the LDA for a determination of the nonresonant coefficients [25] where we expect they should not sensitively depend on the functional choice. Table II shows that the B 1g mode has a negligible coefficient-indicating that it is not likely to be excited in the experiments. On the other hand, the B 3g mode (Fig. 5 inset) has a much higher cross section, making it a more likely candidate.
We will also need to consider the possibility of phonon softening of the A g Raman mode at from 74.22 cm −1 to 63.74 cm −1 . Phonon softening was previously observed in materials such as Bi [26] and Te [27, 28] . This effect occurs when a large density of carriers is excited under high pump fluence leading to a lower phonon frequency being observed from TAS. However, in our TA experiments, the photoexcited carrier density at the highest pump fluence of 15.9 μJ/cm 2 is very small (i.e.,<0.01% of excited valence electronsestimated based on number of valence electrons excited per Sb 2 S 3 unit cell)-indicating that lattice weakening is very unlikely to have taken place. Furthermore, the first-principles calculations (where the effects of electronic excitation are incorporated using the Fermi-Dirac distribution [29, 30] ) reveal that under a photoexcited carrier density of <0.01%, the frequencies of all phonon modes only softened by an order of 0.1 cm −1 . Further evidence that phonon softening is insignificant can be obtained from the pump fluence dependent TAS measurements (Fig. 6) where the oscillation frequencies remain invariant over the range of 3.18-12.7 μJ/cm 2 . Hence, the optical phonon mode with B 3g symmetry can be identified with the oscillations found from TAS. Since this mode has been deduced to be nonsymmetrical, a displacive type of excitation could therefore be ruled out. Lastly, it is also important to show that the mode is not initiated by the relaxation of carriers. This is evident from the small extracted cosine phase of 0.0 ± 0.1 rad which corresponds to a time delay of 0 ± 80 fs. From the electronic signal (T e ) in Fig. 2(b) , the hot charge carrier cooling time can be estimated to be a few picoseconds. This is longer than the time delay of 0 ± 80 fs and implies that the mode cannot be initiated by carrier cooling. On the other hand, the 80 fs time scale correlates well with half the temporal width of the pump pulse (150 fs). This implies that the mode is likely to be generated from the laser pulse. Although it is also possible for phonons to be excited via energy matching from two separate components from a pump and probe pulse when they overlap at time zero (0 ps delay), this scenario could also be ruled out since the frequency remains invariant with probe wavelength as shown in Fig. 3 . Hence, we believe that the coherent phonon oscillations observed originate from an ISRS excitation mechanism solely initiated by the pump pulse. Our findings contrast with the A 1g mode found in single-crystalline Bi 2 Te 3 , Sb 2 Te 3 thin films or superlattices, exhibiting displacive behavior [9] [10] [11] [12] . In summary, coherent phonon dynamics in solutionprocessed Sb 2 S 3 photovoltaic thin films was generated and probed using transient absorption spectroscopy. Raman measurements in conjunction with theoretical calculations showed that the coherent optical phonon mode possesses B 3g symmetry. Our findings reveal that this mode originates from an ISRS excitation mechanism initiated by the pump pulse. These findings of dominant electron-phonon interactions shed light on an effective energy-loss channel through phonon relaxation that could impose a fundamental limit on the efficiency of Sb 2 S 3 as a photovoltaic material, but on the other hand it is highly desirable for thermoelectric applications.
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